1. Introduction {#sec0005}
===============

The use of additive manufacturing (AM) in various applications has increased significantly in the past few years \[[@bib0005]\]. This emerging technology has even led to new business models for advanced manufacturing \[[@bib0010],[@bib0015]\]. For example, the recent COVID-19 situation may reshuffle the global supply chain, and AM could provide new solutions \[[@bib0020]\]. The unique feature of AM is the capability to integrate digitalised data from various sources, from high-throughput examinations to advanced photon sources for integrated computational materials engineering (ICME) \[[@bib0025]\].

The advantages of AM for metallic and other systems can be found in the review by Tofail et al. \[[@bib0030]\]. Specifically, Ti-based alloys, in particular Ti-6Al-4V, have been developed for several decades for use in aerospace, automotive, and medical applications. Given its non-toxicity, anti-corrosive nature, and stable properties in the human body, Ti-6Al-4V is an important material for biomedical implants \[[@bib0035]\]. Furthermore, its mechanical properties are also well adapted to the growth of bones \[[@bib0040]\]. The high strength-to-weight ratio and fatigue resistance of Ti-6Al-4V also make it attractive for use in the components of turbine engines, gears, and wings in the aerospace industry. These properties make Ti-6Al-4V an in-demand material, with more than 50 % of the metallurgy industry working towards its production \[[@bib0045]\]. However, certain bottlenecks have been found in the conventional approach of manufacturing Ti-6Al-4V, such as the processing of samples with complicated geometry, oxidation of the surface, and flexibility of sample sizes \[[@bib0050]\]. To solve these problems, efforts have been made towards developing coated and/or doped Ti-6Al-4V or using novel processing approaches, such as AM for titanium alloys \[[@bib0055], [@bib0060], [@bib0065]\]. Hence, additively manufactured Ti-6Al-4V has drawn significant attention \[[@bib0070],[@bib0075]\].

Laser powder-bed fusion (LPBF), electron-beam melting, and directed energy deposition are three major AM technologies. The spot-sized beam and quick heating-sintering methodologies make AM an elegant approach for fabricating samples rapidly, manufacturing neck-like shapes, and adding dopants easily to Ti-6Al-4V.

However, it has been found that the temperature gradient, build direction, and other AM processing parameters all interact with each other to affect the microstructure of the printed component, changing its mechanical properties \[[@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100]\]. The grains, coexistence of α and β phases, and crystallite defects are reported to be crucial factors affecting the mechanical properties of Ti-6Al-4V \[[@bib0105], [@bib0110], [@bib0115], [@bib0120]\]. Moreover, porosity is a vital concern for Ti-6Al-4V \[[@bib0125]\]. Characterisation methods such as electron microscopy (EM), electron backscatter diffraction (EBSD), and X-ray diffraction (XRD) have been used to identify the homogeneity of phases and analyse the microstructural properties of samples \[[@bib0130], [@bib0135], [@bib0140]\]. Typically, the microstructural properties are determined by surface analysis (using EM/EBSD) and phase analysis (using XRD) \[[@bib0105],[@bib0145]\]. Moreover, by combining these methods, comprehensive details of grain boundaries can be revealed. Raabe et al. demonstrated that 3D EBSD characterisation can be used to correlate the microstructure of alloys with their bulk properties \[[@bib0150], [@bib0155], [@bib0160]\]. However, EBSD is a destructive analysis approach, and the quality of the data depends on the sampling methodology. Specifically, collecting data from a well-polished specimen surface is essential for a confident reconstruction process from the Kikuchi pattern with all the scattering events included.

Rai et al. noted the importance of the evolution of the grain structure during powder-bed AM *via* simulation \[[@bib0165]\]. Later, Liu et al. provided insight into the mechanisms of the columnar-to-equiaxed grain transition during metallic AM \[[@bib0170]\]. Following their work, in this study, we attempt to reveal the microstructure evolution resulting from deformation, not fabrication, using XRD and tomography.

The use of an advanced photon source, such as a synchrotron X-ray or neutron beam with high penetration capability, combined with *in situ* tensile experiments, can reveal real-time lattice-to-macroscopic mechanical properties. Accordingly, the correlation of lattice strain with engineering strain can be obtained simultaneously. Studies by Wilkinson et al. have found a strong correlation between lattice strain and engineering strain with texture development during tensile experiments using high-energy synchrotron XRD analysis \[[@bib0175], [@bib0180], [@bib0185]\]. Huang et al.'s *in situ* neutron diffraction experiments also successfully captured the phase transformation of the AM-induced transient phase \[[@bib0085],[@bib0190]\]. However, the pores induced by the AM process play a crucial role in mechanical performance, as determined by *in situ* diffraction-related results reported by Qiu et al. \[[@bib0195],[@bib0200]\]. These results are important for the potential high-throughput experimental methodologies of the materials genome initiative (MGI) \[[@bib0205]\] and efficient AM development and production \[[@bib0030]\]. Therefore, information obtained from X-ray experiments can contribute to a comprehensive correlation between microstructure analysis and the bulk properties of materials.

The fabrication strategies \[[@bib0210],[@bib0215]\] associated with AM have been extensively summarized by the AM community for controlling the elongation, strength \[[@bib0220], [@bib0225], [@bib0230], [@bib0235]\], residual stress \[[@bib0240], [@bib0245], [@bib0250], [@bib0255]\], and fatigue \[[@bib0260],[@bib0265]\] properties. For example, Galarraga et al. already categorized the microstructure-dependent mechanical properties of the Ti-6Al-4V ELI alloy fabricated by electron beam melting (EBM) \[[@bib0270]\]. Galarraga et al. have found that equiaxed α + β, columnar α + β, partially α′, and fully α′ correspond to furnace-cooling, EBM-built, air-cooling, and water-cooling condition, respectively, show different strengths and elongation levels accordingly \[[@bib0270]\]. For large deformations, Galarraga et al. summarized the thickness of hcp lath and lamellar structure effects \[[@bib0270]\]. Wang et al. demonstrated the hierarchically heterogeneous microstructure \[[@bib0275]\].

However, unlike the aforementioned comprehensive discussion on the overall strengths and elongation comparisons in the archived literature, we focus on small deformations to investigate the onset of plasticity in this work, which is essential for examination of the fatigue mechanisms \[[@bib0265]\]. For correlation with the bulk mechanical behaviour, we followed the protocols of *in situ* diffraction measurements because detectable lattice asymmetry can reveal the initiation of fatigue cracks \[[@bib0280]\]. Once there is a sufficient amount of fatigue pore formation, Considère\'s volume conservation for crystal plasticity will not be followed, which can be observed by the *in situ* lattice deformation \[[@bib0285],[@bib0290]\].

In the current study, we applied various high-energy synchrotron X-ray diffraction (SXRD) experimental approaches to investigate LPBF-manufactured Ti-6Al-4V and the effect of the LPBF processing parameters, such as the build direction. Liu et al. \[[@bib0170]\] and Rai et al. \[[@bib0165]\] have already concluded that, together with the thermal gradient, the solidification rate can generate different microstructures, such as columnar and equiaxed grains. However, the direction correlation of such a columnar structure with the bulk mechanical properties of a material remains uncertain. In this work, we examined the deformation mechanisms for two additive-manufacturing-induced columnar structures: one has an isotropic texture, and the other has an anisotropic texture.

Moreover, we designed spatially resolved scans to map crystallite orientation distributions. This non-destructive mapping can disclose the local texture and microstructure, while the *in situ* diffraction analysis can provide kinetic information at the lattice scale and characterise the bulk properties of the material. Meanwhile, the average crystal structure of the prepared Ti-6Al-4V sample was also theoretically simulated (and compared with experimental results) for a quantitative analysis of crystal defects *via* whole powder pattern modelling (WPPM) \[[@bib0295],[@bib0300]\].

In addition, we can also use the synchrotron X-ray to scan the specimen with varying penetration power to gauge information through the thickness of the samples. Subsequently, spatial scans allowed us to map the microstructural distribution for the whole testing area and to quantify the strain by modelling of the X-ray patterns. This makes it possible to build multi-scale character recognition from the lattice microstructure to bulk mechanical properties for LPBF specimens. This work focuses on examining the AM-induced texture and microstructure distribution effects of Ti-6Al-4V, which are important for fatigue characterisation.

2. Methods {#sec0010}
==========

2.1. Samples {#sec0015}
------------

Two Ti-6Al-4V samples were prepared *via* LPBF with build directions parallel (vt-anisoTAV) and perpendicular (hz-isoTAV) to the axis to form distinct textures for uniaxial tensile experiments ([Fig. 1](#fig0005){ref-type="fig"} (a) and (b)). The zigzag approach was applied, and the vectors were changed by 67° from layer to layer \[[@bib0305]\].Fig. 1Schematics for the as-prepared Ti-6Al-4V in (a) vertical (vt-anisoTAV) and (b) horizontal (hz-isoTAV) build directions *via* the LPBF approach.Fig. 1

Ti-6Al-4V alloy micropowder was purchased from Atomic Craft Corporation. The powder consisted of Ti (balance), Al (5.5∼6.75 %), V (3.5∼4.5 %), O (\<0.2 %), N (\<0.05 %), C (\<0.08 %), H (\<0.015 %), and Fe (\<0.3 %) in weight per cent. The particle size distribution was from 15 to 45 μm. AM of the manufactured Ti-6Al-4V alloy powders was performed on an Industrial Technology Research Institute (ITRI)-AM 250 machine. Samples were processed with the (ITRI)-AM 250 'zig-zag' scan strategy, which was specifically developed for the Ti-6Al-4V alloy material to minimise thermal and residual stress build-up in the equipment. The zig-zag strategy that composes the core of the contouring hatch is 0.1 mm offset, using 170 W laser power (fibre laser with a wavelength of 1070 nm), 1150 mm/s scan speed, 0.1 mm hatch spacing, and 70 μm laser spot size. Standard machine parameters provided by the (ITRI)-AM 250 for the Ti-6Al-4V alloy were used for all builds. Further details of the parameter values are considered proprietary by ITRI. The 80 mm × 20 mm × 5 mm build plates were machined out of Ti-6Al-4V, and their surfaces were sandblasted. Layers of the build were incremented by 30 μm. Processing was done under a flowing, inert argon atmosphere with oxygen monitoring. All processing was completed at room temperature with no heat applied to the build plate. Samples were removed from the machine and cleaned of extra powder by sonicating in water. Parts were then dried with clean compressed dry air.

Through this process, multilayer-like Ti-6Al-4V samples can be obtained. Specifically, we controlled the fabrication parameters to ensure our samples were mainly in a hexagonal close packed (*hcp*) as α phase with very minor body centered cubic (*bcc*) phase as β phase. For overall bulk strengths and elongations, our samples have the same trend as Galarraga et al. summarized \[[@bib0270]\].

2.2. Synchrotron X-ray measurements {#sec0020}
-----------------------------------

To examine the chemical distribution, the specimens were illuminated using the X-ray Nanoprobe beamline of the Taiwan Photon Source, TPS 23A, with 100 nm spatial resolution for complementary elemental distributions. The energy of the incident X-rays was 12.8 keV, well above the k-edge absorption energies of the constituent elements of the specimens. The excited fluorescence was collected simultaneously by a silicon drift detector with an energy resolution of approximately 150 eV \[[@bib0310]\].

To reveal the pores, synchrotron transmission X-ray microscopy was used to examine beneath the material surface. Transmission X-ray microscopy (TXM) enables the characterisation of high-resolution X-ray radiography in three dimensions (3D). With the aid of a Fresnel zone plate and high-flux synchrotron hard X-ray source, TXM can achieve a spatial resolution of approximately 60 nm. The images of the tomography were reconstructed using Amira software \[[@bib0315]\]. The number and the geometry of the voids were estimated from the Amira algorithm analysis of the 3D TXM images.

To investigate the deformation mechanisms, *in situ* uniaxial tensile SXRD experiments were carried out at P02.1, DESY \[[@bib0320]\]. The samples were mechanically cut to the required shape according to the ASTM subsize of the E8M-04 Standard Test Methods for Tension Testing of Metallic Materials for the *in situ* uniaxial tensile SXRD experiments \[[@bib0325]\]. A high-energy X-ray beam of approximately 60 keV (wavelength ∼0.207 Å) and a Perkin-Elmer EN1621 2D detector with a 0.2 × 0.2 μm^2^ pixel size were used to collect the 2D XRD images. The sample-to-detector distance was set to 1185 mm. A 1 × 1 mm^2^ X-ray beam size was used for all experiments. For the tensile experiments, a 5 kN tensile/compression module machine (Kammrath-Weiss) was used, with an elongation rate of 20 μm/s applied in continuous mode. The continuous mode enables the correlation of engineering mechanical properties and lattice kinetics without creep. During the uniaxial tensile experiments, both engineering strain and XRD patterns were simultaneously collected every second to study their correlation. The samples were also measured before and after the uniaxial tensile experiment with a 1 × 1 mm^2^ X-ray beam spot over the entire rectangular area of the specimen to examine the local texture development.

2.3. Data reduction & fitting {#sec0025}
-----------------------------

Prior to the analysis of the 2D XRD images, Cr~2~O~3~ powder was measured to calibrate the sample-to-detector distance, the beam centre, and the tile of the detector. Based on the instrumental parameters obtained by the Cr~2~O~3~ measurement, the collected 2D XRD images for samples could be integrated into 1D XRD patterns with the Data Analysis Workbench (DAWN) \[[@bib0330],[@bib0335]\]. Two strategies for the integration of 2D XRD images were used. (1) Each 2D XRD image was integrated for 36 distinct orientation regions along the azimuthal angle to the 1D XRD patterns to study the texture properties of samples. Each peak in the 1D XRD patterns was fitted with pseudo-Voigt functions by a Python program, and the peak intensity, peak position, and peak width were obtained for subsequent analysis. (2) The 2D XRD image was integrated using full Debye--Scherrer rings to obtain the average peak positions and lattice parameters. The determination of *d~0~* for each sample was performed to address the starting parameters for the as-prepared samples with residual stresses induced from the AM process. Subsequently, calculation of the change in lattice strain during the tensile experiment was used to determine the deformation behaviour of samples. In addition to comparing the XRD patterns obtained from the two sampling techniques, the theoretical static strain and growth fault were simulated *via* the whole powder pattern modelling (WPPM) approach \[[@bib0295],[@bib0340],[@bib0345]\]. The broadening of peaks in an XRD pattern can be regarded as an effect of the microstructure characteristics, such as crystallite size and strain. One of the modelling approaches, WPPM, allowed us to simulate the amount of growth faults for *hcp* Ti-6Al-4V. WPPM is implemented in the PM2K v2.1 software package, and an XRD pattern can be generated by the Fourier transform method using a defined crystal model with the desired defects, such as dislocations, twins, or growth faults. By changing the probability of the aforementioned defects, a series of XRD patterns can be obtained to understand the number of defects in correlation with the change in the XRD pattern. Because the size of crystallites in the studied case was not the dominant factor, the parameters controlling crystallite size were fixed during the simulation process.

2.4. Electron microscopy {#sec0030}
------------------------

A high-resolution field-emission scanning electron microscope was used for the EBSD experiments with a 5 keV electron beam \[[@bib0350]\]. The samples were fixed on copper tape.

3. Results {#sec0035}
==========

3.1. Physical properties of as-prepared samples {#sec0040}
-----------------------------------------------

Prior to the uniaxial tensile experiments, the samples were mechanically polished and characterised to investigate the physical properties related to mechanics, such as the concentration of pores, the distribution of elements, and the homogeneity of phases. We followed the protocols reported by Stef et al. \[[@bib0355]\] to examine the pores in our samples. The 3D transmission X-ray tomography (TXM) high-spatial-resolution images are shown in SI 1(a) and (b), respectively. Although the pore volume fractions of our samples are much lower, Stef et al. have confirmed the influence of voids on the mechanical properties of ultimate tensile stress (UTS) and ultimate elongation for a volume fraction as low as 0.48 vol.%. Hence, in this study, we limited our scope to only small deformations within 3.8 %, which is much lower than the UTS and the ultimate elongation. For small deformations, Ashby et al.\'s construction shows that in deformed crystalline metals, volume conservation occurs during plastic deformation subjected to slip and dislocation activities without void nucleation \[[@bib0360]\]. Specifically, the onset of void effects can be revealed by the deviation of the Poisson\'s ratio \[[@bib0280],[@bib0290]\], which describes the expansion of a material in directions perpendicular to the direction of compression. We applied angle-resolved diffraction to monitor the two orthogonal diffractions to examine the evolution of the diffraction pattern in both the tension and transverse directions simultaneously.

X-ray fluorescence mappings (SI 1(c)) show the homogenous distribution of elements in LPBF-manufactured Ti-6Al-4V. In addition, only the *hcp* phase of Ti-6Al-4V was identified from the SXRD analysis for both samples (SI 2).

The residual strains present in the as-prepared samples after removal from the LPBF bed were analysed *via* scanning XRD, as shown in SI 3. The range of the residual strain was similar for both as-prepared samples, between approximately 10e^−2^ and 10e^-3^ %.

3.2. Crystallite stacking models and preferred orientations {#sec0045}
-----------------------------------------------------------

Although only the *hcp* phase was identified for both samples, the peak intensities in both XRD patterns are slightly different, in particular for the (0002) and (10 $\overline{1}$ 1) planes, as shown in SI 2. The intensity difference in a 1D XRD pattern may be influenced by the microstructure and texture of a sample, and beam instability of the instrument, among other factors. In the case of highly polycrystalline materials, such as the as-prepared samples, texture formation is most likely the cause. Similar evidence was reported by Dye et al., where a strong texture was observed in a mixture of α and β Ti-6Al-4V systems \[[@bib0120]\]. Kanitpanyacharoen et al. have also shown different deformation modes and their associated orientation-dependent diffraction-intensity patterns with azimuthal angles of 2D XRD patterns for texture development in other *hcp* systems \[[@bib0365]\]. Therefore, to resolve the convoluted information in the XRD patterns from both samples, the raw 2D XRD images of as-prepared vt-anisoTAV and hz-isoTAV were analysed ([Fig. 2](#fig0010){ref-type="fig"} (a) and (c)). The azimuthally resolved Debye--Scherrer rings in [Fig. 2](#fig0010){ref-type="fig"}(a) show that (0002), the second ring away from the beam centre, is partially discontinuous for vt-anisoTAV. The intensities of the (0002) Debye--Scherrer ring are much higher at the azimuthal angles of 50°, 140°, 180°, 230°, and 320°. In contrast, no regularity of the intensity changes was found for the (0002) ring of hz-isoTAV ([Fig. 2](#fig0010){ref-type="fig"}(c)). Considering that the thermal history of the build layers in AM is the same for both samples, the stacking structure along with the X-ray viewing direction and tensile direction can be distinct if the build direction is different ([Fig. 2](#fig0010){ref-type="fig"}(b) and (d)). The yellow cubes represent the X-ray transmitted volume with a 1 × 1 mm^2^ beam size, which corresponds to the measuring area for each resulting XRD pattern. It is clear that vt-anisoTAV, with the build direction perpendicular to the tensile direction, has a layer-like structure with highly preferred orientated crystallites ([Fig. 2](#fig0010){ref-type="fig"}(b)). When X-rays are transmitted through such a sample, the regular changes in diffraction intensities can be illustrated. In contrast, the crystallite structure of the hz-isoTAV is randomly stacked along the X-ray path if its build direction is parallel to the tensile direction ([Fig. 2](#fig0010){ref-type="fig"}(d)). Consequently, the plot of the (0002) Debye-Scherrer ring appears to have no intensive regularity with the change in intensity along the azimuthal angles.Fig. 22D XRD raw images of (a) vt-anisoTAV and (c) hz-isoTAV as measured with a Perkin-Elmer 1621 at P02.1, DESY. The plots of the (0002) Debye--Scherrer ring along the azimuthal angles are shown. The stacking structure models along the X-ray transmitted path for (b) vt-anisoTAV and (d) hz-isoTAV are according to the LPBF processing strategy. Yellow cubes represent the X-ray transmitted volume with a 1 × 1 mm^2^ beam size.Fig. 2

To exclude the randomness from measuring with a 1 × 1 mm^2^ X-ray beam, spatially resolved scans over the entire rectangular area of both samples were performed ([Fig. 3](#fig0015){ref-type="fig"} (a) and (b)). The normalised intensity of the (0002) Debye--Scherrer ring along the azimuthal angles is used to exclude the experimental error caused by the beam instability.Fig. 3Collection of 2D XRD raw images over the whole testing area *via* the scanning X-ray method for (a) vt-anisoTAV and (b) hz-isoTAV samples and the static plots of the (0002) Debye--Scherrer ring along the azimuthal angles for all collected images.Fig. 3

As shown from the static plots in [Fig. 3](#fig0015){ref-type="fig"}(a) and (b), six strong peaks were obtained for vt-anisoTAV, at azimuthal angles of 40°, 130°, 170°, 220°, 310°, and ∼0°, whilst no strong peak was found for hz-isoTAV. It is expected that the peaks can be paired as 40°/220°, 170°/∼0°, and 130°/310° from the perspective of the multiplicity of {0002}. Interestingly, in the non-normalised data set (SI 4), the same trend of strong peaks was found in the third Debye--Scherrer ring, assigned to (10 $\overline{1}$ 1). The crystallographic angle between (0002) and (10 $\overline{1}$ 1) is nearly 120° in *hcp* Ti-6−4 V. Using tan^−1^(c/a \* 2/$\sqrt{3}$) for calculation \[[@bib0370]\], the same scattering angle along *φ* could occur when the crystallites are oriented such that the angle between the incident beam and these two crystal planes is approximately 60°. The ratio of the *X* and *Y* components of the rotated (*hkl*) planes satisfies the following equation \[[@bib0180]\]:$$\varphi = {\text{tan}^{- 1}{\frac{r_{0002}(Y)}{r_{0002}(X)} = {\text{tan}^{- 1}\frac{r_{10\overline{1}1}(Y)}{r_{10\overline{1}1}(X)}}}}$$where *r~hkl~* is the vector of the (*hkl*) plane normal to its crystal structure configuration, *X* and *Y* are in-plane components of the crystallite orientations, and *φ* is the angle between *X* and *Y* ([Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}). The two conditions discussed above are only satisfied when (10 $\overline{1}$ 1) is almost parallel to the build direction and (0002) is at an angle of approximately 30° to the sample surface ([Fig. 4](#fig0020){ref-type="fig"} (a)).Fig. 4Schematic of (a) occurrence of scattering events if the crystallite orientation fulfils Eq. [(1)](#eq0005){ref-type="disp-formula"}. *φ* is the angle between in-plane components of the crystallite orientations. The distributions of (0002) orientations using spatial mapping scan approach for (b) vt-anisoTAV and (c) hz-isoTAV samples based on the results of [Fig. 3](#fig0015){ref-type="fig"}(a) and (b). These represent the distribution of preferred crystallite orientations over the cross-section of the samples, whilst the XRD analysis represents the bulk distribution.Fig. 4

Accordingly, the spatial mapping of the distribution of (0002) preferred orientations over the entire sample with respect to transmitted X-ray cross-sections is plotted in [Fig. 4](#fig0020){ref-type="fig"}(b) and (c). In the vt-anisoTAV, [Fig. 4](#fig0020){ref-type="fig"}(b), more than 80 % of the area was in the same orientation. Conversely, the hz-isoTAV sample ([Fig. 4](#fig0020){ref-type="fig"}(c)) had less than 35 % of crystallites in the same orientation.

Thermodynamically, such preferred orientations of (0002) in the Ti-6Al-4V system could be caused by the texture formation of an *hcp* structure. When the crystallites grow rapidly, the growth of an *hcp* structure along the *c* axis is likely preferable, leading to (10 $\overline{1}$ 1) facets lying on the substrate \[[@bib0235],[@bib0375], [@bib0380], [@bib0385], [@bib0390], [@bib0395]\]. The map of the microstructure from columnar to equiaxed grains subjected to both various thermal gradients and solidification rates has been reported by Liu et al. \[[@bib0170]\]. With different building strategies, the crystallites of our samples have different effective times and regions for grain growth during the manufacturing process. Furthermore, successive build layers can be regarded as substrates for the following layers in the AM approach. Accordingly, our samples manufactured *via* LPBF show different partial preferred orientations for the crystallites. For more details of how and why the *hcp* texture is formed, please see the following representative references \[[@bib0400], [@bib0405], [@bib0410]\].

The nature of the growth direction of an *hcp* structure leads to the assumed stacking structure for the two samples with respect to the LPBF build strategy, as shown in [Fig. 2](#fig0010){ref-type="fig"}(b) and (d). The crystallites were rotated 67° layer-by-layer along the build direction (for ease of understanding, the crystallites are shown with a 3D structure). The 3D crystal structure with face (0002) facets and side (10 $\overline{1}$ 1) facets is shown based on an *hcp* structure configuration.

Therefore, the crystallites were arranged in the same way for both samples. However, depending on the viewing direction of the X-ray beam, the scattering events differed according to the orientation of crystallites in the area measured by the 1 × 1 mm^2^ transmitted X-ray beam. For the vt-anisoTAV sample, the (0002) was facing or at an angle of less than 30° to the surface of the specimens ([Fig. 2](#fig0010){ref-type="fig"}(b)). Consequently, a highly preferred orientation of (0002) could be expected and observed in the X-ray pattern; the (0002) was parallel to the tensile direction in this configuration. In contrast, for the hz-isoTAV sample, a highly random crystallite orientation was evident in the X-ray transmitted area. However, crystallites with a growth direction along (10 $\overline{1}$ 1) were mostly observed on the surfaces of the samples, which was parallel to the tensile direction, as shown in [Fig. 2](#fig0010){ref-type="fig"}(d). Based on the two presumed directional-distinct stacking models, the X-ray scattering events of *d* ~(0002)~ were expected to be azimuthally dependent in both cases \[[@bib0180]\].

By calculating the diffraction angles of the aforementioned crystallite orientations, the strong peaks, from three grouped *φ* angles, obtained from experimental data ([Fig. 3](#fig0015){ref-type="fig"}(a)) were matched to the proposed stacking crystallite model shown in [Fig. 2](#fig0010){ref-type="fig"}(b). It should be noted that for the case assuming (0002) to be almost perpendicular to the X-ray beam, the scattering events on (0002) are difficult to detect because of the use of a planar detector. Conversely, no preferred orientation was found from the 2D XRD images for hz-isoTAV, as shown in [Fig. 3](#fig0015){ref-type="fig"}(b). This can be explained by the highly random orientations of the crystallites across the transmitted X-ray beam in the horizontally built sample. Here, the definition of crystallite orientation should be further specified. The preferred orientation of a crystallite can be different from the texture properties of crystallites for a material. The preferred orientation of crystallites refers to the specific direction that most of the crystallites in particles are oriented towards, whilst the texture is regarded as the growth direction of crystallites in particles along a specific direction. Sometimes, the preferred orientation of crystallites is not significantly related to the texture formation of crystallites, and *vice versa*. In this particular case, strong preferred orientations of crystallites were observed, based on the scattering spots shown in the 2D XRD images.

The stacking structure of the crystallites for vt-anisoTAV could be considered a layer-like structure with respect to the direction of the uniaxial tensile experiments, and the (0002) directions were oriented at an angle of less than 30°. In contrast, for the hz-isoTAV sample, no specific (0002) stacking structure was observed; however, the (10 $\overline{1}$ 1) is in-plane with the applied tension direction.

Interestingly, the presumed stacking models also agree with the results of EBSD tests ([Fig. 5](#fig0025){ref-type="fig"} ). The crystallites in the vt-anisoTAV sample have a layer-like arrangement along the build direction, as shown in [Fig. 5](#fig0025){ref-type="fig"}(a). Looking at the X-ray viewing direction in [Fig. 5](#fig0025){ref-type="fig"}(c), the crystallites are regularly oriented, which leads to the discontinuity in the Debye-Scherrer rings in the 2D XRD image shown in [Fig. 2](#fig0010){ref-type="fig"}(a). Such texture properties are specific to the tensile direction for vt-anisoTAV. Alternatively, on the surface of the hz-isoTAV, an in-plane stacking structure along (10 $\overline{1}$ 1) was observed for the majority of the sample test area ([Fig. 5](#fig0025){ref-type="fig"}(b)). Also, the crystallite orientation along the X-ray viewing direction was highly random, resulting in the good continuity of the Debye-Scherrer rings in the 2D XRD image shown in [Fig. 2](#fig0010){ref-type="fig"}(c). In the other direction, the EBSD measurements for the hz-isoTAV sample show a columnar microstructure similar to that of the vt-anisoTAV sample along the X-ray viewing direction, where partial layer-like arrangements of crystallites are illustrated ([Fig. 5](#fig0025){ref-type="fig"}(d)). Although the testing area in the EBSD analysis is rather small, the observations support the presumed models. By combining the results of the designed spatial scan method, a comprehensive picture of the crystallite stacking structure in both as-prepared samples can be defined. It is important to understand such distinctive stacking crystallite structures and their effect on the mechanical properties for LPBF-manufactured Ti-6Al-4V.Fig. 5EBSD test in a local area of (a) vt-anisoTAV and (b) hz-isoTAV samples. EBSD measurements in two different directions: the X-ray viewing direction and the cross-section of (c) vt-anisoTAV and (d) hz-isoTAV samples.Fig. 5

4. Discussion {#sec0050}
=============

The correlation between engineering mechanical properties and the proposed stacking structure models is discussed below focusing on small deformation. Both samples were examined using *in situ* XRD uniaxial experiments under continuous mode at the high-energy Synchrotron X-ray beamline, P02.1, DESY. This allowed us to collect the 2D XRD images rapidly (1 frame/s) and illustrate the dynamic changes in engineering strain and lattice strain simultaneously, without creep. By integrating the 2D XRD images to the 1D XRD patterns and subsequently fitting the diffraction peaks, the lattice strain on different crystal planes can be calculated using:where *d* is the d-spacing between two lattice planes. The XRD patterns were collected for both samples before the tensile experiment to define the *d* ~(0)~.

The results in [Fig. 6](#fig0030){ref-type="fig"} show that the lattice strain averaged over all of the azimuthal angles and engineering strain are highly correlated in both the elastic and plastic deformation regions during the uniaxial tensile experiments \[[@bib0185]\]. However, the individual lattice strain evolution on different crystal planes was very different between the two cases. The lattice strains calculated from (1010), (0002), and (10 $\overline{1}$ 1) are similar for vt-anisoTAV, although the lattice strain of the (0002) crystallite plane slightly decreases in the plastic deformation region ([Fig. 6](#fig0030){ref-type="fig"}(a)). In contrast, the lattice strain of (10 $\overline{1}$ 1) is much more pronounced in both the elastic and plastic deformation regions for the hz-isoTAV sample ([Fig. 6](#fig0030){ref-type="fig"}(b)). Such distinctive directionally related deformation can be correlated with the proposed stacking structure.Fig. 6Correlation between lattice strain and strain on different crystal planes for (a) vt-anisoTAV and (b) hz-isoTAV. The mechanical properties of both samples are shown as well (X-axis *vs*. right-Y-axis).Fig. 6

For hz-isoTAV, (10 $\overline{1}$ 1) was presumably in-plane with the uniaxial tensile experiment, which played a crucial role during the deformation, as observed from the highest strain accumulated \[[@bib0110]\]. In contrast, the lattice strain seems to have developed nearly equally for the vt-anisoTAV. However, by evaluating the lattice strain in two orthogonal dimensions, considering ε~11~ and ε~22~, a distinct change in the lattice strain of the (0002) crystallite planes can be observed ([Fig. 7](#fig0035){ref-type="fig"} ). At the beginning of plastic deformation, a decrease in ε~11~-left and an increase in ε~11~-up were observed. Until ε~11~-up reached zero, only ε~11~-left decreased. It seems that the deformation of (0002) was non-uniform along the tensile direction during the tests. Based on the calculated values of the ε~11~ and ε~22~ and lattice strains on *d* ~(0002)~, a deformation mechanism of (0002) can be proposed ([Fig. 7](#fig0035){ref-type="fig"}(d)). The crystallites are deformed elastically with a twist-like deformation mechanism in the plastic region. As ε~11~-up approached zero, the decrease in ε~11~-left led to the sliding of the crystallite planes normal to (0002) in one direction. In contrast, ordinary deformation was obtained for the other crystallite facets during the tensile test. This could indicate that the basal slip system, or {0002}, was dominant in the case of vt-anisoTAV. In addition, the accompanying distortion of (10 $\overline{1}$ 1) was observed in the plastic deformation region, showing a strong correlation with (0002).Fig. 7(a) Schematic showing how the 2D lattice strains are calculated. Correlation between the lattice strain and strain on different crystal planes is shown for (b) vt-anisoTAV and (c) hz-isoTAV samples. (d) Demonstration of the deformation of *d*~(0002)~ in the 2D lattice strain configuration.Fig. 7

To reconcile the different lattice strain evaluations of the two samples and the relationship among the three crystallite facets, a hypothesis schematic is shown in [Fig. 8](#fig0040){ref-type="fig"} (a) and (b), demonstrating the multiple crystallites before and after the uniaxial tensile experiments. It is clearly shown that the elongation and deformation of the crystallite planes behave differently for the two samples, and this corresponds well with the presumed stacking structures and associated experimental lattice strain behaviour.Fig. 8Schematic of multiple deformed crystallites during the uniaxial tensile experiment for the (a) vt-anisoTAV and (b) hz-isoTAV samples.Fig. 8

For the vt-anisoTAV, the more layer-like stacking structure caused by its columnar texture led to presumably distinct layers perpendicular to the experiment's tensile axis. Most of the (0002) facets were at an angle of less than 30° to the tensile direction. Such a stacking structure resulted in a strong correlation between the (0002) and (10 $\overline{1}$ 1) planes and the major deformation of (0002) along the tensile direction. In addition, between distinct layers or within one build layer, a twist-like distortion of the crystallites occurred ([Fig. 7](#fig0035){ref-type="fig"}(d)). Not until the lattice strain of ε~22~ became zero and the sliding of the crystallites occurred did the rupture of the sample, either in the pore-joint area or in the crystallite-twisted area, take place. It has been reported that larger amounts of plastic strain in the basal planes, or the (0002) facets, can lead to less critical stress normal to the (0002) facet and result in a quicker occurrence of rupture \[[@bib0110],[@bib0415]\]. This could explain the weaker mechanical properties in the vt-anisoTAV sample.

Alternatively, for the hz-isoTAV, the (10 $\overline{1}$ 1) facets are in-plane with the tensile experiments and seem to be the dominant planes in plastic deformation. The residual strain and plastic strain were accumulated in the (10 $\overline{1}$ 1) facets subjected to tensile deformation. This observation is commonly reported in *hcp* Ti-6Al-4V, and the development of {10 $\overline{1}$ 1} growth faults or a higher yielding strength could be expected. To understand the correlation of the development of the pyramidal slip system with changes in the XRD pattern, theoretical patterns with different probabilities of the {10 $\overline{1}$ 1} growth faults were simulated using the Warren model in whole powder pattern modelling (WPPM) (SI 5(a)) \[[@bib0190],[@bib0340]\]. Based on a *hcp* Ti-6Al-4V crystal model implemented in WPPM, the XRD pattern was obtained by the Fourier transform method governed by the pre-calculated instrumental profile and all crystallographic parameters given, including the multiplicity, probability of growth fault, and negligible presence of twin faults. As a result, the decreased intensity and broadening of the (10 $\overline{1}$ 1) peak can be seen, while the other peaks do not change. Thus, by calculating the intensity of the (10 $\overline{1}$ 1) peak in the XRD patterns collected during the uniaxial tensile experiment, the development of the {10 $\overline{1}$ 1} growth fault can be quantified. For the vt-anisoTAV sample, the intensity of the (10 $\overline{1}$ 1) peak decreases slightly, while for hz-isoTAV, it decreases by a factor of one-third (SI 5(b) and (c)). Comparing the results with the theoretical calculation, it can be deduced that more than 5% of the {10 $\overline{1}$ 1} growth faults were developed during the uniaxial tensile experiments for the hz-isoTAV. In contrast, the {10 $\overline{1}$ 1} growth faults did not significantly develop during the tensile experiments in the vt-anisoTAV sample.

Based on the proposed model depicted in [Fig. 2(b) and (d)](#fig0010){ref-type="fig"} and the discussion above, the slip systems between two samples were found to be distinct because of the different microstructures resulting from the different orientations of the columnar texture. Basal and pyramidal slip are the dominant systems for the vt-aniso- and hz-isoTAV samples, respectively. In addition, the slip system evolution could lead to the different mechanical behaviour. In summary, the stacking structures caused by the isotropic and anisotropic columnar structures subjected to different build strategies led to distinct underlying deformation mechanisms.

5. Conclusion {#sec0055}
=============

Ti-6Al-4V was manufactured using LPBF, and the characteristics at different scales, including the microstructure, texture, and engineering mechanical properties, were investigated.

Synchrotron 2D XRD analysis suggests that the orientations of the stacking crystallites differed with respect to the local columnar texture distributions, which resulted from control of the thermal gradient and solidification rate, as a result of the nature of the preferred growth direction of the *hcp* structure. For the vertically built Ti-6Al-4V (vt-anisoTAV), the crystallites were highly preferentially orientated in an anisotropic manner, where, in most of the grains, the (0002) planes were distributed with orientations less than 30° from the direction of the tensile experiments. In contrast, the crystallites in the horizontally built Ti-6Al-4V (hz-isoTAV) were randomly oriented. Similar evidence was obtained from the complementary EBSD analysis. The distinctive columnar texture from the crystallite stacking structures resulted in different deformation mechanisms.

During the uniaxial tensile experiment, a (10 $\overline{1}$ 1) strain accumulation in the hz-isoTAV sample was observed, leading to the development of over 5% {10 $\overline{1}$ 1} growth faults. Twist-like {0002} slip faulting (a basal slip system) occurred in the vt-anisoTAV, which was caused by the strong preferential orientation illustrated in the stacking structure model.

Based on the use of multi-scale characterisation, the distinctive stacking structures originating from the different microstructures were successfully defined using a non-destructive *in situ* approach and were correlated with the tensile properties for LPBF-manufactured Ti-6Al-4V.
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